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In order to understand the effects of plasma parameters on the nanotube formation and further
controlled growth, we have investigated the optimal growth condition using a rf plasma-enhanced
chemical vapor deposition method. The magnetic field introduced for a magnetron discharge
enhances the nanotube growth as a result of the plasma-density increment and the self-bias reduction
of a rf electrode. It is also found that the optimum ion flux and ion bombardment energy is a key
parameter for the uniform, well-aligned, and density-controlled nanotube growth. © 2003
American Institute of Physics. @DOI: 10.1063/1.1601303#Since the discovery of carbon nanotubes,1 a lot of inter-
ests in both scientific and industrial fields have been concen-
trated due to their superb properties such as high mechanical
strength, electrical conductivity, and so on. Especially, exten-
sive studies have focused on the vertically well-aligned
nanotube growth for the purpose of application to field emit-
ters due to their unique geometry, high aspect ratio, and
small tip radius of curvature.2–18 The formation of nanotubes
well-aligned perpendicularly to substrates have been devel-
oped by the various methods such as chemical vapor depo-
sition ~CVD!,4,5 hot-filament CVD,6,7 and plasma-enhanced
CVD ~PECVD! using dc,8,9 rf,10–12 and microwave power
sources.13–15 What is generally known to date about the ver-
tically aligned nanotube growth is that PECVD methods are
preferable in the sense of free-standing and individual
growth than thermal CVD, which gives rise to a crowding
effect due to van der Waals attraction among the growing
nanotubes. Although some recent works using plasma
sources mentioned the effects of basic experimental param-
eters, such as gas pressure, gas composition, substrate volt-
age, and plasma power,16–18 almost no experimental results
have been reported concerning plasma diagnostics and fol-
lowing plasma control. Thus, interdisciplinary works to
clarify phenomena associated with nanotube growth and
plasma effect are urgently required because not merely
density-controlled and site-controlled growth but also large
area nanotube growth is indispensable for advanced applica-
tions.
Stimulated by such an underlying background, here we
report the relationships between rf-magnetron plasma char-
acteristics and corresponding nanotube growth features in or-
der to understand the effects of plasma properties on the
nanotube formation and further controlled nanotube growth.
A magnetron type rf ~13.56 MHz! glow discharge unit is
constructed as shown in Fig. 1~a!. A powered rf electrode is
made of Ni and installed in the center of a grounded cylin-
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Downloaded 01 Oct 2008 to 130.34.135.158. Redistribution subject todrical chamber. In order to achieve lower plasma sheath volt-
ages and higher plasma densities, a magnetic field (0<Bz
<340 G) is externally imposed parallel to a powered cylin-
drical rf electrode ~3 cm in diameter! using solenoid coils.19
The glow discharge is driven by a rf power source through a
matching box and a blocking capacitor. Finally, the plasma
system for nanotube growth is operated at the rf power of
1000 W. In addition to this, dc bias voltage component (Vdc)
of and dc current density (Jdc) toward the rf electrode can be
externally controlled by connecting a low-pass filter circuit.
The plasma density ne , electron temperature Te , and plasma
potential fp are measured by a homebuilt Langmuir probe
and time varying and averaged current–voltage characteris-
FIG. 1. ~a! Schematic illustration of the rf magnetron apparatus ~13 cm in
inside diameter and 30 cm in length!. ~b! The dependence of plasma density
in a radial direction on the various gas pressures.© 2003 American Institute of Physics
 AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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dilution gas for the nanotube growth, we use methane (CH4)
and hydrogen (H2), respectively, with a mixture ratio of
CH4 :H259:1. The plasma density is observed to increase
with an increase in the applied magnetic field for a fixed gas
pressure. Figure 1~b! shows the dependence of plasma-
density profile in a radial direction for various gas pressures
with Bz5170 G. From these profiles, we can find that the
plasma is well localized in the vicinity of the rf electrode and
its density becomes maximum when the working pressure is
0.5 Torr. It is to be noted that the product of electron-
cyclotron frequency (vce) by electron-neutral collision time
(ten) is of the order of vceten51 under these conditions,
which is an important quantity in magnetic confinement of
plasmas. In this study, the unique point different from the
prevailing PECVD methods is that the active rf electrode
with a cylindrical shape plays a catalytic and deposit-
substrate roles in itself. The rf electrode temperature is di-
rectly measured by an embedded thermocouple and also
compensated by a pyrometer, which attain ;650 °C during
the nanotube growth due to the plasma ion bombardment
effect. After the 15 min pretreatment using an inert argon
plasma, feeding gas (CH4 and H2) is introduced into the
chamber for the nanotube growth. The raw soot deposited on
FIG. 2. Typical SEM images showing the effects of magnetic field exter-
nally introduced to the vacuum chamber. ~a! Bz50 G, ~b! Bz5170 G, and
~c! Bz5340 G.Downloaded 01 Oct 2008 to 130.34.135.158. Redistribution subject tothe Ni ~rf! electrode surface after the 15 min discharge are
mainly analyzed by scanning electron microscopy ~SEM!,
transmission electron microscopy ~TEM!, and Raman scat-
tering spectroscopy.
When the Bz value is changed to increase with the rf
electrode kept at floating potentials (Jdc50), which is gen-
erally accompanied with the plasma density enhancement
and dc bias-voltage ~self-bias! reduction, resulting features of
the raw soot produced are apparently different as presented
in Fig. 2. In the case of Bz50 G and Vdc52890 V, most of
the products consist of amorphous carbon and graphitic ma-
terial @see Fig. 2~a!#. On the contrary, we successfully obtain
vertically aligned multiwalled carbon nanotubes ~MWNTs!
as a result of magnetic field introduction. The density of
nanotubes grown in the case of Bz5170 G and Vdc
52380 V @Fig. 2~b!# is higher than the result in the case of
Bz5340 G and Vdc52180 V @Fig. 2~c!#. However, it is
noted that the nanotube structure in Fig. 2~c! is more clear-
cut than that in Fig. 2~b!, where amorphous carbon materials
still remain at the outer surface of MWNT. We actually rec-
ognize that the surrounding of some MWNTs in local areas
in Fig. 2~b! is uniformly decorated with graphitic sheets.
From this result, it is found that plasma confinement and
self-bias control by the magnetic field introduction have cru-
cial effects on the nanotube growth. The latter dc bias volt-
age of the rf electrode, i.e., potential drop in the plasma
sheath, is closely related with the ion bombarding energy and
ion flux toward it for given plasma parameters.
In order to investigate effects of magnetic field on the
nanotube growth in detail, the dc bias voltage of the rf elec-
trode (Vdc) is externally changed for typical magnetic fields
~170, 240, and 340 G! under the condition of 0.5 Torr,
CH4 :H259:1, and the rf power of 1000 W. Figure 3 pre-
sents the representative results, where we can find the sparse
growth of carbon nanotubes in the self-bias case of Fig. 3~a!
(Jdc50 mA/cm2, Vdc52180 V). However, uniform, dense,
and straight MWNTs grow in the externally biased case of
Jdc51.5 mA/cm2, Vdc52235 V as shown in Fig. 3~b!. Al-
FIG. 3. SEM images showing the MWNTs produced on the rf electrode
under the condition of ~a! Jdc50 mA/cm2 and Vdc52180 V, ~b! Jdc
51.5 mA/cm2 and Vdc52235 V, ~c! Jdc54.0 mA/cm2 and Vdc52570 V,
and ~d! dependence of nanotube density on Jdc . AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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grow along the local electric field due to the potential drop in
the plasma sheath formed by Vdc , the nanotubes in Fig. 3~b!
are preferable in the sense of vertical alignment. On the other
hand, when Vdc becomes extremely low, which is accompa-
nied with an increase of ion flux (Jdc54.0 mA/cm2, Vdc
52570 V), the nanotubes formed once are damaged due to
a sputtering effect by the surplus of ion flux from the plasma,
as seen in Fig. 3~c!. The dependence of nanotube density
(numbers/100 mm2) on Jdc is finally summarized in Fig.
3~d!.
It is clearly indicated that the optimum ion flux is exis-
tent for the dense and well-aligned growth. Concerning the
effects of dc bias voltage which directly determine the ion
bombarding energy in the plasma sheath region, we here
discuss the other aspect briefly. The thickness of the plasma
sheath, d , can be expressed by d50.47ld (2eufp
2V rfu/kTe)3/4, where ld and k are Debye length and Boltz-
mann constant, respectively.22 For the typical parameters
measured by the Langmuir probe, such as Te55 eV, ne55
31010 cm23, and fp510 V, we obtain the sheath thick-
nesses 3.0–6.7 mm. This result gives an electric filed across
the nanotube during the growth such as 63, 68, and 86
mV/mm in the cases of Vdc52180, 2235, and 2570 V,
respectively. Although further insight into this simplified as-
pect has to be gained, it is conjectured that the optimum
electric field is necessary to the vertical alignment in the
PECVD method.
The MWNTs grown under the most optimal condition of
this magnetron plasma system are displayed in Fig. 4. Verti-
FIG. 4. ~a! SEM image showing the well-aligned MWNTs uniformly grown
in a large area under the most optimal condition of this rf magnetron plasma
system, ~b! TEM image of the individual MWNT. Inset in ~b! shows the Ni
tip.Downloaded 01 Oct 2008 to 130.34.135.158. Redistribution subject tocally aligned and free-standing MWNTs uniformly grow in a
large area @Fig. 4~a!#. Figure 4~b! showing TEM images of
the individual and bamboo-structured nanotube implies the
nanotube growth is followed by the tip-growth mechanism
because the Ni catalyst is always found at the top of the
nanotubes as clearly indicated in the inset of Fig. 4~b!.
In summary, we have demonstrated the effects of ion
flux and ion bombardment energy for the nanotube growth
by externally controlling the magnetic field in a rf PECVD
method. The magnetic field in a magnetron discharge leads
to the plasma-density increment and the self-bias reduction,
yielding the nanotube-growth enhancement. It is also found
that the ion flux and ion bombardment energy has to be op-
timized in order to grow uniform, well-aligned, and density
controlled nanotubes.
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